We consider production of additional relativistic particles coupled to the inflaton. We show that the imprints of these particles on the spectrum of primordial perturbations can be used for the direct measurement of the speed of sound of scalar perturbations, regardless of the mechanism of the production of this species. We study a model where these relativistic localized sources are decay products of heavier particles generated via a resonance mechanism. These particles emit inphase inflaton particles which interfere constructively on the the so-called sound boom, leading to an "inflationary Cherenkov effect". The resulting shock waves lead to distinctive patterns on the temperature anisotropies of the cosmic microwave background. Moreover, we show that the model predicts unique features on the power spectrum of curvature perturbation and sizeable flattened non-Gaussianity for a suitable range of parameters.
I. INTRODUCTION
In the simplest scenarios of the cosmic inflation, the universe, at the very onset of its evolution, is almost empty filled with a single scalar field, aka inflaton, whose background energy density is responsible for the nearly exponential expansion of the space [1] [2] [3] [4] [5] . On top of this expanding background, quantum fluctuations of this scalar field redshifts to superHubble scales and provide a compelling description for the origin of primordial fluctuations. Generically, these scenarios give rise to an almost scale invariant, Gaussian and adiabatic spectrum for scalar perturbations consistent with current observations [6, 7] . The effective field theory of single field models of inflation has been well developed over the past years [9, 11-14, 21, 22] . In this approach, adding a quadratic operator of the form (g 00 + 1) 2 leads to a non-standard kinetic term, hence a reduced speed of sound (c s < 1). Models with non-standard kinetic term are motivated from high energy physics, in particular low energy effective theories originating from string theory allow for a subluminal speed of sound for the inflaton [15] [16] [17] [18] [19] . Generally, these models predict large non-Gaussianity, f N L ∼ 1/c 2 s , which are very close to equilateral in shape, and also a lower tensor-to-scalar ratio [6, 21, 22] . In this sense, we can only constrain these models by a combined measurement of the power spectrum and the non-Gaussianity parameter f N L [7, 22] . However, in the absence of any detection of non-Gaussianity or the primordial tensor pertubrations, recent observations only put mild constraints on the value of the sound speed [7, 20] . The most stringent bound on c s is [6, 21] c s > 0.024 ,
inferred from the observational bound on primordial non-Gaussianity. The main purpose of this work is to establish a set up for a direct measurement of c s through the inflaton emission by relativistic localized sources during inflation. Our model implicitly relies upon a mechanism that produces super heavy particles as the progenitors of the proposed highly relativistic particles. The phenomenon of particle production during inflation is extensively discussed in the literature; for an incomplete list of references see [23] [24] [25] [26] [27] [28] [29] [30] . In an interesting previous work, it has been shown that particles which are never lighter thanφ 1/2 , hence always heavier than Hubble, can be abundantly created during inflation [31] . In this scenario, the additional heavy field is coupled to the inflaton via discrete shift symmetric interactions resulting in their non-adiabatic production. We assume that these super heavy particles, represented by χ, eventually decay into much lighter species, represented by A, within a half-life much shorter than a Hubble time. Moreover, because the decay width of these super massive particles, i.e. Γ ∼ M , is much bigger than Hubble, the secondary particles can be thought as localized objects with a spatial extension ∆x much smaller than the Hubble horizon.
Furthermore, we consider a natural coupling between the relativistic particles and the scalar sector in an EFT framework. The relativistic particles are supersonic, therefore, as they propagate through space they emit inflatons that are coherent in phase, as it happens in the well-known Cherenkov effect. This will lead to shock waves behind each particle's trajectory. The intersection between such shock waves and the last scattering surface can be directly looked for in the CMB anisotropies. In addition, statistical signatures of this secondary inflaton emission would be present in the correlation functions of scalar perturbations as well. The characteristics of both of theses features are sensitive to the value of the speed of sound.
Let us summarize our main findings,
• Based on [31] , we imagine a sequence of particle production events, and subsequent decays to relativistic pairs, taking place at the conformal times η = η n (n ∈ Z). As long as successive events are incoherent, the contributions of each to the scalar power simply add up. The ratio of the scalar emission by relativistic pairs to the power of the vacuum fluctuations is given by
where ζ is the curvature perturbations, M is the mass of the progenitors (M ≫ H), n A is the physical number density of relativistic particles at the instant of creation, and g eff is a strength of coupling between the scalar sector and the relativistic particles. We find that even within a regime where the back-reaction of the generated particles on the background is negligible, the amplitude of correction to the scalar power can be substantial.
• Every individual super sonic particle will leave a Cherenkov like footprint on the CMB temperature anisotropies. If the number of generated particles per Hubble time per Hubble patch is small enough, the patterns induced by individual particles would be distinguishable. For a particle that moves along the trajectory x A =qη, the scalar emission ζ(x, 0) at the end of inflation and for x's that are far enough from the creation point is given by
where A s the amplitude of the primordial scalar fluctuations, and q n is the comoving momentum of the particle. We see that this result blows up towards the so-called Mach cone, i.e. x.q = 1 − c 2 s x.
• We show that the bispectrum is expected to pick around the flattened configuration. We show, even for the case that the contribution of Cherenkov emission to the power spectrum is negligible, f N L can be of order unity or larger. We find hints towards resonances on top of the mentioned flattened bispectrum, but a rigorous numerical study is crucial to capture the right amplitude and frequency of the oscillations, which we leave for a future work.
The paper is organized as follows. As a warm-up, we begin with a brief review of the Cherenkov radiation in flat space. In section III, we will study the Cherenkov effect in a dS background, assuming that the point-particle approximation holds. In Appendix A, we extensively discuss why in our set up this approximation is valid, on the basis of a quantum mechanical in-in calculation. We investigate the statistical properties of the model, in III A and III C, by estimating the power spectrum and the bispectrum (in the flattened shape). The distinct features of rare events on the (coordinate space) curvature perturbation is obtained in III B. Finally, we conclude in Sec. IV.
Our notations: dot and prime denote the derivative with respect to the conventional and the conformal time, respectively. We use ǫ to refer to the slow-roll parameter and A s is the amplitude of scalar perturbations given by
Moreover, q is the shorthand for the integration over momentum
(2π) 3 , and .... ′ is an N -point function in the Fourier space with the factor (2π)
We use the mostly positive signature for the metric and the natural units.
II. CHERENKOV RADIATION IN FLAT SPACE
Before considering the Cherenkov radiation of particles during inflation, let us investigate a toy example in flat space (with coordinates (η, x)). Suppose that a massless scalar particle prepared in a wave-packet state passes through a medium at the speed of light. Assume that this particle, represented by A(η, x), is coupled to another scalar field through the following cubic vertex
and that ϕ has a non-relativistic dispersion relation, characterized by a speed of sound c s < 1. For concreteness, we take the following initial quantum state for the system:
where a † A is the creation operator associated with A particles, |0 represents the vacuum state, and A(q) is a sharp Gaussian distribution around a central momentum p, i.e.
The quantities of our primary interest are the equal time correlation functions of ϕ at a later time, say η = 0. Using the in-in formalism, we start off by computing the average of ϕ in Fourier space, i.e.
Above, f ϕ (k, η) is the mode function of ϕ, i.e.
and 2Im f ϕ (k, η)f ϕ (k, 0) is the corresponding retarded Green function. The Ψ|A 2 (k, η)|Ψ acts as a source and is given by
where f A (k, η) = 1 √ 2k exp(−i kη) is the A particle mode function. Evidently, for k ≫ ∆p the source is exponentially suppressed. Moreover, an enhancement in ϕ k takes place if k is soft, in the following sense
In this regime, the two wave functions in (9) resonate and enhance the integral (see Appendix A). Then the following approximation can be used to simplify the expression for ϕ k ,
By assuming (10) and (11), we arrive at
This is precisely the radiation profile of a point-particle that is moving on the world-line x µ = (η, c s (η − η n )p), and is coupled to the ϕ field via
where p µ is the four-momentum of the particle. In real space, and far away enough from the initial position of the particle, ϕ becomes
where r ≡ √ x 2 , and the particles lies at the origin at η = η n . The above has the celebrated conic structure in the Cherenkov phenomenon: the radiated ϕ is only non-zero inside the cone, and diverges on the Mach cone.
Quite remarkably, the classical behavior observed in (12) , reoccurs for an arbitrary correlation function of ϕ [33] (see Appendix A for a proof). Meaning, as long as the external momenta k i are soft enough, e.g. k 2 i ≪ p ηn , a generic n-point function of ϕ can be written as
in which the effective operator is defined through
Above, ϕ cl is the c-number defined in (12) , 1 is the unity operator, andφ vac is the Heisenberg operator corresponding to the scalar field. In short, the above equality means that the soft radiation induced by the motion of particle is almost classical. Notice that, as it is the case for the one-point function, correlators exponentially dilute for very hard modes, defined by |k 1 + ... + k N | > ∆p, and are power law suppressed for hard modes, i.e. for k i > ∼ p/η n . Scenarios of particle production in an expanding universe incorporate squeezed states which cannot be written as a direct product of one-particle wave packets. As an illustration, consider the following state
in which N is a normalization factor. |Ψ can be generated by performing a Bogoliubov transformation on the vacuum state of the A sector with coefficients α k and β k standing in front of the positive and negative frequencies, respectively. This kind of squeezed states are ubiquitous in cosmology and reheating, in particular (see, for example, [36] )-they typically emerge due to non-adiabatic change in the time dependent mass of the particle. Notice that (17) respects isotropy as β and α only depend on the size of the particle momentum. We are interested in the limit where the particle description pertains, i.e. we assume |β q | 2 ≪ 1-the occupation number in the phase space is small, and β q sharply peaks around a particular momentum p. Similar to the previous computation, the correlation functions of ϕ can be computed with (17) taken as the initial condition. As one might anticipate, there is a regime where the same classical behavior as before persists: the correlation functions of soft momenta are as if they originated from a homogeneous distribution of classical point-particles, with the initial number density n A = q |β q | 2 . In this limit the connected part of the correlation function becomes
A few remarks on this result are in order,
• Similar to our previous example, the approximation in (18) holds only for k 2 i p ηn -In larger momenta, the amplitude receives suppression of order 1/(pη n )
2 .
• The squeezed state taken above respects the translational invariance, hence the conservation of the momenta. Thus, and opposed to (7), the exponential suppression in the radiation of hard momenta, defined by k > ∆p, disappears.
• In (18) seemingly leading order O(β) terms are ignored. These are interference contributions, and are quantum in nature [31] . However, they are suppressed by a factor of 1 pηn , hence we can consistently neglect them.
• The correlation functions in (18) can be interpreted in the same manner as in (16), except that the source of ϕ cl is now a homogeneous (in space) and isotropic (in momentum) random distribution of point-particles. The explicit form of the source is given by
In this expression, i labels hypothetical small cells with the small volume ∆p −3 covering the entire space at η = η n , x i stands for the coordinate of the ith cell, and j refers to the quantized direction of the particles mometum. Y (x i ,p j ) represents a random variable which is either 1 or 0, depending on respectively the presence or absence of a particle inside the attributed cell and having the corresponding momentum pp j 1 . (See appendix A of [33] .) Once coupled to the ϕ sector the source (19) induces the following classical solution
Notice that in the limit k i ≪ ∆p, the translational invariance is recovered, hence the conservation of spatial momentum. In addition, in order to correctly reproduce (18) the statistics of Y s must be taken as
In other words, for each cell Y i,j = 1 with probability p = n A ∆p −3 ≪ 1, and is zero with probability (1 − p), Y 's of different cells are completely uncorrelated, the probability in particle's momentum is isotropic with vanishing correlation between any two nonidentical directions.
III. CHERENKOV RADIATION DURING INFLATION
Although we are interested in the production of relativistic particles in a cosmological setting, at the level of model-building we find it extremely challenging, if not impossible, to generate a squeezed state of (nearly) massless particles directly from the cosmological time-dependent background. On the other hand, scenarios incorporating abrupt production of non-relativistic particles have been frequently studied in the literature. Therefore, it is quite reasonable to consider two independent interactions: one with the time dependent background that eventually results in the production of relativistic sources, and the other, between the relativistic particles and the inflaton, which leads to the Cherenkov effect. To this end, we will be considering scenarios in which, in one or a series of events, a bunch of massive χ particles becomes non-adiabatically generated via the resonance mechanism explained in [31] , and each particle, with a life time much smaller than one Hubble time, decays into two light particles of the type A .
From an EFT standpoint, the leading order interaction between A particles and the Goldstone boson of the time translation π should respect the approximate shift symmetry of π during the slow-roll phase [21] . Then, up to the lowest order in derivatives and after taking the decoupling limit, the effective action becomes
As one might anticipate, introducing the cosmic expansion does not significantly change the point-particle picture discussed in the previous section. We postpone the justification of the point-particle approximation to Appendix A, which is based on a first principle in-in calculation and here we briefly review its main points. First, to avoid any IR secular growth in the two point function of π due to particle production loops we should take the A particles to be heavier than √ 2H, this means
Second, a single event occurred at η = η n only influences the correlation functions of soft π's, whose momenta lies withing the following range,
where M is the mass of the progenitor χ particle. On the other hand, the impact of the non-Bunch Davies vacuum on the π correlation functions with larger momenta would be generically suppressed with one or more powers of 1 |kη n | .
Within the point-particle approximation, the A particles interact with π through an effective mass that depends on π and can be read directly from (22) 
To leading order in derivatives, the point-particle effective action reads
where τ denotes the proper time along the trajectory of the A particles. Focusing on the interacting part, we have
where t is replaced with the conformal time η, prime denotes derivative with respect to η, and E(η) is the time dependent energy of the particle, i.e.
, where E n = E(η n ) .
Since A particles are generated through the decay of χ's, their initial energy is E n = −Hq n η n = M/2, where q n is their initial comoving momentum. The indice n is adopted to represent the possibility of having numerous events, each having a different q n proportional to 1/η n . Hereafter, it is easier to work with the canonically normalized π, defined by
The classical radiation emitted by a point-particle that moves along a trajectory given by x A (η) can be straightforwardly calculated as below
Inside the integrand, J(k, η) is the point particle source that appears on the rhs of the Fourier space equation of motion for π c , and is given by
moreover, G k (η) is π c 's bulk-to-boundary retarded Green function , i.e.
where f π (k, η) is the mode function of π c with the Bunch-Davies vacuum normalization
By putting everything together, the scalar emission found to be
where the time derivative in (30) has been integrated by part 2 , moreover, g eff is the dimensionless coupling between the canonically normalized scalar field π c and the relativistic particle, i.e.
To facilitate our analytical study, we assume that the particle is relativistic all the way along its trajectory, so we have
Putting everything together,
where
In our derivation, m A has been neglected. In order to estimate the error due to this approximation, notice that retrieving m A , among other things, would cut off the time integral in (37) at
which corresponds to the time at which the A particles come to rest. For this IR cut-off to induce negligible effect on the final result (36), m A should be smaller than an upper bound. Replacing η = 0 with η nr generates deviations of order |kη IR | in (37), however k is bounded from above itself, i.e.
thus, the effect of ignoring m A would be negligible as long as
With k 2 corrections
Cut by hand Eq.(42) 
A. Frequent Events: Statistical Properties
In (36), having found the radiation of a single particle, calculating that of a stochastic distribution of particles is straightforward. Consider the same initial distribution as in (21), and by simply summing over all particles' contributions in (36) , albeit weighted by the Y random-variable, we arrive at
where Cher represents the Cherenkov radiation contribution to the two point function, n A is the physical initial number density of the A particles, a n = − 1 ηn H is the scale factor at η n , and P vac = |f π (k, 0)| 2 stands for the vacuum fluctuations of π c . In light of the explicit in-in quantum mechanical calculation performed in Appendix A, the pointparticle approximation, and hence (41), applies to soft momenta defined by (23) . For larger momenta, the rhs of (41) is suppressed with 1 |kη n | 2 (see Appendix A for discussions). So far we have computed the contribution of a single event to the two point function, however, it is more realistic to assume that the A s are periodically created, e.g. due to the periodic creation and rapid decay of χ's. As long as different particle production events are incoherent and |β| ≪ 1, individual contributions to the two point function would linearly sum up [33] . Therefore, we can write
The integral overq is straightforward
Though the result of the above integral cannot be written in terms of elementary functions, a reasonable estimate can be made by noting that for |kη n | ≫ 1, the function sin k(η 1 − η 2 )/(η 1 − η 2 ) is almost the same as πδ(η 1 − η 2 ).
Consequently, we find
On the opposite limit, i.e. when |kη n | ≪ 1, Eq. (42) simplifies into
Let us make a few general remarks about these results. First, note that the emitted power vanishes in the kη n → 0 limit. This is in agreement with causality, which prevents the excitation of the super-Hubble modes at the instant of the particle production. As was observed above, for shorter modes that lie below the UV cut-off, i.e. (−kη n ) < M/H, the power spectrum of the emitted inflaton asymptots to a constant plus tiny modulations. Imagine that the periodic particle productions occur with the frequency ω. Due to the Cherenkov emission, each event excites the following window of momenta
Since ηn+1 ηn = e
−2π
H ω , any two subsequent events have overlapping range of excited modes iff
and otherwise each excited mode exclusively is attributed to an event. In the high frequency limit, namely when ω ≫ H, the sum over η n can be replaced with an integral, i.e.
The integral (sum) must be cut for |η n | > 1 k (M/H) 1/2 , because of (45). Altogether, this results in
in which N A is the total number of created A particles per Hubble patch per Hubble time, i.e.
We are interested in the regime where the back-reaction of the created massive particles on the background evolution is negligible. Thus we ask the energy density of A particles, which in the high frequency limit saturates to high frequency:
to be much smaller than the 3M
high frequency:
and that puts an upper bound on N A , i.e.
The relative change in the power spectrum is
and due to the constraints on N A and assuming g eff 1, it is bounded from above, i.e.
The upper bound can be huge and ∆P/P can be of order unity. However, notice that in this case, namely the high frequency of particle production ω ≫ H, the Cherenkov effect only adds a scale-independent offset to the powerspectrum, which is indistinguishable from the vacuum fluctuations. Consequently, in this regime, the distinct features of the model should be sought in the higher points statistics, or alternatively as we argue in the next section, in the patterns created by individual particles.
In the low frequency limit, i.e. opposite to (46), the scale-dependence in the emission caused by each event, as depicted in Figure 1 , is distinguishable. In this limit, having negligible impact on the background demandṡ ρ A ≪ M 2 p HḢ, which is stronger than ρ A ≪ ρ b used above. Hence low frequency:ρ
which results in low frequency:
Therefore, by assuming M ∼ 100H, we see no obvious obstacle to the detectablity of the Cherenkov contribution to the power spectrum in scenarios with slower rates of particle production.
B. Real Space Radiation Profile of Rare Events
Equation (41) straightforwardly extends to higher order correlators (see Appendix A), such that a connected N-point function becomes
and similar expressions can be derived for disconnected contributions as well. In effect, the above equation can be derived by writing π c as
such that (a)π
Cher c is a classical random field that corresponds to the Cherenkov radiation of a stochastic distribution of point-particles. Concisely,
where π cl c (x; x n ,q) is the radiation profile of a single particle with the initial position x n and momentum qq, and Y (x n ,q) is the same random variable as defined around (21) (58) by itself suggests that the signal can be directly searched for inside the π c field (which is proportional to the curvature perturbation ζ) rather than its correlation functions. This becomes especially useful for rare events: when the number of the particles per Hubble volume is not too large, therefore, the radiation pattern induced by particles is distinguishable. Far from production point x = η n , (b) Including the production site x = η n Consider a single particle that embarks on its journey at η n from the initial position x n . By using (36) , and knowing that the curvature perturbation on comoving slices ζ is related to π via ζ = −Hπ, we find the radiation in ζ induced by this single particle as
The expression inside the last integral above is the reminiscent of the retarded Green function in flat space and can be simplified as,
Without loss of generality, suppose that the worldline of the particle is x A =qη. Using Eq.(60), then we find
and it vanishes otherwise, namely outside the Mach cone. Also
are the retarded times, which are simply two roots of the equation c s η + ∆r(η) = 0. By simplifying (62) a step further, in the region where both η ± are bigger than η n , one finds
As expected, the curvature perturbation blows up towards the Mach cone, which forms an approximate conical shock-wave with the apex angle, 2φ = 2 sin −1 (c s ) (See Fig.2) . Interestingly, this result coincides with its flat space
A schematic illustration of the imprint of Cherenkov emission of inflatons on the CMB. Depending on how the shock-wave penetrate through the CMB sphere, there would be distinct feature. In general the intersection is a cone-sphere intersection. This can be divided into two major classes called on-axis and off-axis intersections depending on the heading of cone axis relative to the center of sphere. (a) The left shock-wave cone pierces the last scattering surface "on-axis" while (b) the right one is an "off-axis" example.
counterpart in (14) , provided a change in the vertex fromπA 2 to π A 2 , and inserting an appropriate coupling constant. This similarity between the dS and the flat space results is due to the following relation between the retarded Green function of the two , 0) , therefore, the redshift in the particle energy and the dilution in the wave function velocity in the dS space exactly cancel against each other such that the inflaton emission happens as if the background was non-expanding. 4 The Cherenkov patterns induced on ζ would lead to distinctive feautures on the temperature fluctuations of the Cosmic Microwave Background. In the present work, we are not to study those imprints in details, nevertheless, a rough picture can be easily obtained for large angle footprints: if the charachteristic scale of Cherenkov pattern, namely L ∼ η n , is bigger than the comoving size of the sound horizon at the recombination, the temperature fluctuations can be estimated as Θ(n) ∝ ζ(r Ln ) where r L denotes the radial coordinate to the last scattering surface. As long as the total number of particles per Hubble time per Hubble volume is not huge, the imprints of individual particles are resolvable. In the large angle approximation, the resulting pattern sharply peaks on the intersection of the particle Mach cone with the last scattering surface(see Fig. 3 ).
C. Estimating Non-Gaussianity
In this section, we only give an estimate for non-Gaussianity originated from the Cherenkov emission. We differ a careful numerical evaluation of the bispectrum until a future work. Focusing on a single particle production event at η n , a generic three-point function is given by
This expression cannot be written in terms of elementary functions for a generic shape of the bispectrum, nevertheless, it is easy to see that it peaks around the flattened configuration, namely when all k i s are parallel and
due to the momentum conservation. To see this, let us first perform the integration over d 2q ,
, where k t = k i . The dimensionless integral is enhanced in the flattened limit, in which case the expression
From now on, we consider the flattened configuration only. In the |k t η n | ≫ 1 regime, 5 one can approximate sin(|k t η n | x)/x with πδ(x). Consequently, we find
Integrating over dx i gives us
where without loss of generality, we have assumed k 1 = k 2 + k 3 . Summing over all events we find
In the higher frequency limit, n can be replaced with ω 2π dη n Hη n , while as was discussed before, the time integral should be cut at k
The exact oscillatory behavior displayed above cannot be seriously relied upon inasmuch as they are computed in the M/H ≫ 1 limit and by using a sharp cut on η n . Yet, the possibility of having observable oscillations in the flattened bispectrum, especially in the c s ≪ 1 regime, is interesting in light of the Planck recent data, which seems to mildly prefer an oscillatory flattened non-Gaussianity [7] . Capturing the right oscillatory behaviors in the bispectrum calls for a rigorous numerical evaluation in our set up, which we leave to a future work. Regardless, we can give an estimate for f N L by focusing on the third term appearing in (71). In the limit that the contribution from the Cherenkov effect to the two point function is suppressed with respect to the pure vacuum fluctuations, i.e. when ∆P/P in (53) is small, we have
Therefore, sizeable amount of non-Gaussianity in the flattened shape is achievable, especially for cases with highly reduced speed of sound. Conversely, if the power spectrum is dominated by the Cherenkov radiation,
Cher (k)) will be suppressed by 1/N A . This is a simple manifestation of the centeral theorem-the sum of the radiation profiles of independent stochastic sources becomes extremely gaussian as N A goes to infinity.
IV. CONCLUSION
In this work, we studied the footprints of supersonic particles during inflation, considering them as the decay products of yet another previously generated massive sector. We showed that as long as the initial phase space occupation number is small, one can effectively replace the initial non Bunch-Davies vacuum of the relativistic sector with a classical random distribution of point-particles and compute the radiation profile of each particle by making use of the point-particle effective action formalism.
Regarding the statistical properties of the emitted scalar fluctuations, we computed the power spectrum and the (flattened) bispectrum of curvature perturbations due to the Cherenkov effect. Within the parameter space in which our analytical results pertains, detectable alteration to the typical inflationary power spectrum can be easily obtained, characterized by c s -dependent oscillatory features. Conversely, even in the case of negligible contribution to the power spectrum, we showed that sizeable amount of non-Gaussianity in the flattened shape can be obtained. We could not exclude the possibility of having appreciable resonant non-Gaussianity in the flattened shape before performing a numerical analysis, which we left to address elsewhere.
When the number of created particles per Hubble patch is small, the radiation profile of individual particles are distinguishable and can be computed. The result, which is exactly the same as the conic structure in the flat space Cherenkov effect, would be the most distinctive feature of our model.
Our study can be extended in a few directions: (a) First and foremost, it is interesting to confront the predictions of our set up with the CMB data. Of our particular interest is searching for rare events, for which the intersection of the shockwave and CMB surface leaves distinctive patterns on the temperature anisotropies. (b) As a complementary investigation, it would be interesting to consider spinning supersonic particles, as well as other interactions between the point-particle and the Nambu-Goldstone mode of the broken time translation within an EFT framework. (c) It is necessary to perform a numerical computation of non-Gaussianity for general shapes and in particular for the flattened configuration, in order to accurately account for potentially observable resonances in the bispectrum. (d) In this paper, we neglected the interference effect, as they are suppressed with at least a factor of H/M . Nonetheless, if we allow H/M to exceed the occupation number β, then the leading order contribution to N-point functions comes from O(β) interference effects. In such regimes, it would be compelling to find similar c s -sensitive features in the quantum contributions to the inflaton correlation functions.
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Notice that if A particles is lighter than √ 2H, this two point function is plagued by a secular IR growth in the η, η ′ → 0 limit. There are a number of great advantages in assuming m A > √ 2H. First, the aforementioned IR secular growth disappears. Second, the single field description for inflation would be valid, as the wave-function of A decays rapidly outside the horizon. Third, the biggest contribution to the in-in integral comes from deep inside the past-when the A particle is relativistic, and where similar patterns of resonances that occurred in our flat space examples happens here as well.
Three different types of contributions are present in Ψ|A 2 (k, η 1 )A 2 (−k, η)|Ψ that deep in the past schematically look like 
where the momenta of the relativistic particles inside the integral, namely |Q|, |Q 1 |, are almost equal to q n = M 2H |ηn| . Studying the last line which accounts for loop contribution to the power spectrum is beyond the scope of current work (however, see [35] ), therefore we disregard it. By plugging (A13) into (A12) we observe that for a generic external momentum k, both O(β) and O(β 2 ) contributions are suppressed by a factor of ( 
which is a reasonable approximation for any momentum k smaller than
Conversely, such resonance does not occur in O(β) contributions and they are always suppressed with a factor of 1 qnηn ∼ H/M compared to resonating terms, therefore as long as β is not too small (but still small enough to justify the point-particle description of the squeezed state), we can safely neglect O(β) terms. Making use of (A13) then amounts to the following substitution 
which is the counterpart of (A5). Inserting (A15) back inside (A12) gives us the factorized form for the two point function that we had anticipated, i.e. 1 q n exp(+ik.qη) .
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